One sentence summary: This study provided evidence for a change in the relative abundance of commensal and potentially pathogenic bacteria in both the surface mucus layer and tissues of corals in response to stress.
INTRODUCTION
Corals are associated with a diverse microbiota consisting of viruses (Marhaver, Edwards and Rohwer 2008; Vega-Thurber et al. 2008; Claverie et al. 2009; Lawrence et al. 2014) , fungi (LeCampion-Alsumard, Golubic and Hutchings 1995; Priess et al. 2000; Golubic, Radtke and Le-Campion-Alsumard 2005; Kirkwood et al. 2010) , bacteria (Kooperman et al. 2007; Rosenberg et al. 2007; Smith, Danilowicz and Meijer 2007; Kimes et al. 2010) , symbiotic dinoflagellates (genus Symbiodinium; Baker et al. 2004) and archaea (Kellogg 2004; Rohwer and Kelly 2004; Wegley et al. 2004) . The microbial community composition of the coral host is important since these microbes may play crucial roles in the host coral's physiology and health (Rosenberg et al. 2007; Bourne et al. 2009 ).
Composition of the microbial communities is highly influenced by the microhabitats within the coral host (Ainsworth, Thurber and Gates 2010) . The three major distinct microbial habitats provided by the coral host are the surface mucus layer (SML), coral tissues and coral skeleton (Ainsworth, Thurber and Gates 2010) . Corals produce an SML that is complex in structure and character, and has a variety of functions (Brown and Bythell 2005; Jatkar et al. 2010) . The SML may provide a favorable microenvironment for some bacteria and yet a hostile one for others due to the extreme diurnal variation of oxygen saturation levels-from supersaturated to nearly anoxic (Shashar et al. 1996) . It is also suggested that in the SML, corals may use antimicrobial compounds produced by themselves and their resident microbial communities to inhibit bacterial growth (Ritchie 2006) . The coral's tissues are a more stable medium than the SML because they are not constantly replaced over diurnal cycles. Bacterial communities associated with coral tissues have been shown to be significantly different from those in the mucus (Bourne and Munn 2005) . Rohwer et al. (2002) also suggested that microbial communities that are unique to the tissues are maintained through time and space, but distinct bacterial communities are associated with different coral species. Due to these distinct differences in the SML and tissues, it is important to analyze the microbial communities within the different layers of coral colonies separately. To date, very few microbiological studies (Bourne et al. 2008; Ainsworth and Hoegh-Guldberg 2009) have been performed to elucidate the dynamics between bacterial communities in the SML and the tissue layer of the coral colony under thermal stress. Furthermore, these studies (Bourne et al. 2008; Ainsworth and Hoegh-Guldberg 2009) have not provided any information on the bacterial community shift in the different portions of the coral holobiont (i.e. SML and tissues) simultaneously.
As a result of global climate change, thermal anomalies are expected to increase in frequency and intensity (HoeghGuldberg 1999; Hoegh-Guldberg et al. 2007) . The increase in sea surface temperature (SST) will likely impose additional stress on corals and their microbial associates (Bourne et al. 2009; Mouchka and Hewson 2010) . For example, Ritchie et al. (1994) found that Vibrio spp. comprised 30% of the cultured bacterial community in bleached Montastraea annularis colonies, but Vibrio-affiliated cultures were not retrieved from healthy coral colonies. Furthermore, coral-associated bacterial assemblages shifted to a Vibrio-dominated community just prior to visual signs of stress during a bleaching event (Bourne et al. 2008) . On the other hand, Endozoicomonas spp. have been found to be the dominant bacteria in the microbiomes of healthy Porites (Rohwer et al. 2002; Sunagawa et al. 2010; Morrow et al. 2012; Sharp, Distel and Paul 2012; Rodriguez-Lanetty et al. 2013) . Furthermore, a study by Meyer, Paul and Teplitski (2014) found that the presence of lesions on Porites astreoides coincided with a decrease in the relative abundance of Endozoicomonas spp.
Numerous studies agree that, for a deeper knowledge of coral diseases, there needs to be a systematic understanding of healthy and unhealthy coral microbiota (Klaus et al. 2005; Guppy and Bythell 2006; Ritchie 2006; Gil-Agudelo et al. 2007) . Most studies that compare the microbial communities in healthy and bleached corals are based on a single sampling time point (Ritchie et al. 1994; McGrath and Smith 1999) . These studies may not adequately address the highly variable spatiotemporal nature of these assemblages (Ainsworth, Thurber and Gates 2010) . Other, longer term studies (Bourne et al. 2008; Arboleda and Reichardt 2009; Sunagawa et al. 2009 ) on coral-bacterial associations are in situ studies, which introduce other uncontrolled environmental variables that make the results harder to interpret. Although the microbial diversity found under controlled experimental conditions may not reflect the true diversity seen in situ (Kooperman et al. 2007) , this approach would better elucidate how specific environmental factors affect the coral-microbe association (Ferguson et al. 2007) . Currently, there are no experiments that analyze bacterial community shifts between the SML and tissues of the coral colony under increasing thermal stress.
This represents the first study to simultaneously measure bacterial diversity in the coral SML and tissues through time under well-controlled experimental thermal-stress conditions. Simultaneous analysis of the communities in both layers has the potential to provide insight into the dynamic shifts of commensal and pathogenic bacteria between the mucus and tissues of a health-compromised coral host. Profiles of the coral-associated bacterial communities were analyzed, with an emphasis on investigating the relative changes in members of the genera Endozoicomonas and Vibrio as potentially beneficial and pathogenic members of the microbial community, respectively, to illustrate the possibility of a shift from the native microbiota to a community dominated by potential pathogens when the coral host is under thermal stress.
MATERIALS AND METHODS

Sample collection and experimental design
Coral nubbins (approximately 2 cm in length) were collected from Kenting National Park, Nan-wan, Taiwan (21
• 57 N,
120
• 44 E) on May 21, 2013. A total of 100 coral nubbins were collected from five different colonies of Acropora muricata at 8-10 m depth. Coral and Symbiodinium genotypes were not determined here, but studies of A. muricata in this region have previously shown that corals in this region and depth predominantly host Symbiodinium clade C, and there is no difference in the symbiont genotype between individuals of this coral species (Chen et al. 2005; Hsu et al. 2012; Keshavmurthy et al. 2014 (Fan 1991; Hsu et al. 2012; Keshavmurthy et al. 2012) . HOBO R temperature loggers were deployed in the tanks to monitor the water temperature. Other water parameters (salinity, conductivity, temperature) were monitored daily at midday with a Lutron R datalogger. A Walz R diving-pulse amplitude modulated (PAM) fluorometer was used to monitor the change in coral photosystem health, using a 0.8 s saturating pulse of >4500 μmol photons m −2 s −1 and gain value of 12. Three dark-adapted yield values (F v /F m ) were obtained from three randomly chosen coral nubbins from each tank, an hour after the light turned off. One coral nubbin and one liter of seawater were collected from each tank on the days when the respective treatment tank temperatures were 26
• C, 27
• C, 29
• C, 31
• C and 33
• C. Coral mucus was then 'milked' from each nubbin according to the methods outlined in Wild et al. (2004) , into a 1.5 mL microfuge tube for 2 min. After the mucus was collected, the same coral samples were sprayed using an airbrush, with 5 mL 10× TE buffer (10 mM Tris-HCl, pH 8.5, 1 mM EDTA, pH 8.0), to extract the tissues. The coral tissue slurry was collected in a sterile bag and transferred to a 1.5 mL microfuge tube. Seawater samples (1 L) were filtered through membrane paper (0.2 μm pore size; Adventec, Tokyo, Japan) to collect microbial particulates. A total of 20 coral surface mucus (treatment, n = 15; control, n = 5), 20 tissue (treatment, n = 15; control, n = 5), and 20 one-liter seawater samples were collected during the experiment. Ten seawater samples-five pooled samples from the treatment tanks, five samples from the control tank-were sent for pyrosequencing. All extraction instruments were sterilized over an open flame to remove any residual DNA and washed with 75% ETOH to prevent cross-contamination. All extracted coral mucus, tissues and seawater samples were stored at -20
DNA extraction and purification
The coral mucus was recovered by centrifugation (13 000 × g for 15 min), for genomic DNA analysis. The supernatant was then discarded and the pellet homogenized with 600 μL of 10× TE buffer, and incubated with 30 μL 10% SDS and 10 μL 100 μg mL rRNA gene PCR amplification. Total genomic DNA extraction for coral tissues and seawater followed the same protocol as that for coral mucus DNA extraction.
Amplification of bacterial 16S rRNA genes
PCR was performed using two bacterial universal primers: 968F (5 -AAC GCG AAG AAC CTT AC-3 ) and 1391R (5 -ACG GGC GGT GWG TRC-3 ), which were designed for the bacterial V6-V8 hypervariable region of the 16S ribosomal RNA gene (Hamp, Jones and Fodor 2009) . The reaction mixture contained 0.5 μL 5U TaKaRa Ex Taq HS (Takara Bio, Otsu, Japan), 5 μL 10× Ex Taq buffer, 4 μL 2.5 mM deoxynucleotide triphosphate mixture, 1 μL each primer (10 μM) and 5 μL (10-20 ng) template DNA in a volume of 50 μL. The temperature program for 30 cycles of PCR was an initial step of 94 • C for 3 min, 94
• C for 30 s, 57
• C for 10 s,
72
• C for 30 s, and 72
• C for 2 min as the final extension after the last cycle. The PCR amplicons of the bacterial V6-V8 region were checked by DNA agarose gel electrophoresis with 1.5% agarose gel and 10× TE buffer. The expected DNA band (∼423 bp) was cut from the gel and the DNA was recovered by electroelution (Sambrook & Russell 2001) . The quality of the DNA was determined using a NanoDrop spectrophotometer (Thermo Scientific, Vantaa, Finland) .
DNA tagging PCR and pyrosequencing of barcoded amplicons
DNA tagging PCR (DT-PCR) was used to tag each of the PCR products of the bacterial V6-V8 region from different samples (Chen et al. 2011) . A total of 50 unique tags (20 for coral mucus, 20 for coral tissue and 10 for seawater) were used in this study for DT-PCR. Massive parallel pyrosequencing was conducted for pooled 500 ng lots of each tagged V6-V8 DNA sample, using the Roche 454 Genome Sequencer FLX System (Mission Biotech, Taipei). A total of 126 048 sequences were generated and sorted according to the unique tags, using the in-house sorting tool (http://tanglab.csie.org/∼tanglab/projl/) (Chen et al. 2011) .
Data analysis
Sequences were processed through the MOTHUR software package (qscore = 22, min length = 280 bp, max homopolymer runs = 8). Chimerical reads were then detected and trimmed by UCHIME (http://drive5.com/uchime), and taxonomic affiliations of the V6-V8 sequences (59 536 sequences) were identified using Ribosomal Database Project (RDP) Classifier software (v2.3, http://sourceforge.net/projects/rdp-classifier/) with a bootstrap value of 0.8. The relative abundances of each classified bacterial class from individual samples were used to estimate a distance matrix using the Bray-Curtis distance. Heat maps were generated using the Primer 6 software (PRIMER-E, Lutton, Ivybridge, UK) to analyze the relationship of the microbial communities in the mucus, tissues and seawater from the healthy and thermally stressed corals. The normalized data were analyzed using one-way analysis of variance (ANOVA), followed by Tukey's HSD test, to determine if significant differences were present between the dominant microbial bacterial classes as the water temperature increased from 26 • C to 33
• C. Sequences from individual coral mucus, tissue and seawater samples which were subjected to 29
• C were aligned using the MUSCLE software (http://www/drive5/com/muscle/), and manipulated in the MOTHUR software (Schloss et al. 2009 ) to define the operational taxonomic units (OTUs) with a 3% cutoff value. The most closely related species to these dominant sequences were then determined by BLAST searches on NCBI websites. Bacterial community sequences in this paper were deposited in the GenBank nucleotide sequence database under the accession number SRP052829.
RESULTS
Coral bleaching
The temperature was increased from 26 • C to 33
• C over a period of 8 days, at a rate of 1 • C per day. During this treatment, F v /F m in A. muricata was 0.705 ± 0.03 SD at 26
• C and declined to 0.440 ± 0.092 SD at 33
• C ( Fig. 1 ; one-way ANOVA, F 7,22 = 59.66, P < 0.001);
values in the control tanks were between 0.647 ± 0.041 SD and 0.687 ± 0.063 SD across all time points. Post hoc analysis revealed that the major thermal impact occurred at 31
• C (P = 0.012), 32
• C (P = 0.016) and 33
• C (P < 0001), and this analysis was supported by visual signs of bleaching which were first evident at 31
• C.
Bacterial community changes
At the lower temperatures (26 Verrucomicrobiaceae began to dominate (Fig. 2) . These changes were significant (one-way ANOVA; γ -Proteobacteria: F 4,10 = 4.48, P = 0.0248; α-Proteobacteria: F 4,10 = 8.906, P = 0.00248; Verrucomicrobiaceae: F 4,10 = 9.698, P = 0.0018). In contrast, seawater was dominated by members of the α-Proteobacteria, with γ -Proteobacteria and Flavobacteria being prominent as well, and this composition was unaffected by increasing temperature (Fig. 2) . Besides the dominant bacterial classes, members of the Cyanobacteria, Sphingobacteria and Flavobacteria also started to become more prominent at higher temperatures. More specifically, in the coral mucus, as the temperature increased from 26
• C to 31
• C, the relative abundances of α-Proteobacteria and Verrucomicrobiaceae increased from 12.57 ± 2.84% SD to 27.09 ± 1.60% SD and 4.49 ± 2.46% SD to 33.82 ± 4.09% SD of the total bacterial community, respectively, after which they changed little (Fig. 3A) . In contrast, the relative abundance of γ -Proteobacteria decreased markedly, from 62.20 ± 8.70% SD to 8.26 ± 0.88% SD between 26
• C and 31
• C, but then increased to 39.27 ± 6.50% SD as the temperature increased further to 33
• C (Fig. 3A) . Post hoc analysis confirmed that the major changes occurred at 31
• C (γ -Proteobacteria: P = 0.021; α-Proteobacteria: P = 0.006; Verrucomicrobiaceae: P = 0.0048). Although the changes in relative abundance of Cyanobacteria, Sphingobacteria and Flavobacteria were not statistically significant, they also showed interesting trends as the temperature increased. The relative abundance of Cyanobacteria was low (4.49 ± 1.25% SD) at 26
• C but increased to 19.70 ± 10.36% SD at 33
Similarly, as the temperature increased, the relative abundance of Flavobacteria increased from 1.08 ± 0.62% SD to 6.39 ± 9.60% SD. However, the relative abundance of Sphingobacteria was similar at 26
• C (1.40 ± 0.65% SD) and 33
• C (1.24 ± 1.92% SD).
In the coral tissues, as the temperature increased from 26 • C to 33
• C, the relative contribution of the α-Proteobacteria and Verrucomicrobiaceae increased from 5.98 ± 0.71% SD to 25.51 ± 5.06% SD and 5.14 ± 1.97% SD to 24.50 ± 7.80% SD, respectively, while the γ -Proteobacteria decreased from 58.66 ± 1.97% SD to 22.13 ± 7.30% SD (Fig. 3B) ; the communities in the control tanks remained unchanged. These changes were significant for the γ -Proteobacteria (one-way ANOVA, F 4,10 = 6.411, P = 0.0079) and Verrucomicrobiaceae (one-way ANOVA, F 4,10 = 4.667, P = 0.022), but not for the α-Proteobacteria (one-way ANOVA, F 4,10 = 2.68, P = 0.094), with post hoc analysis again highlighting that the biggest change occurred at 31
• C for the γ -Proteobacteria (P = 0.031) and Verrucomicrobiaceae (P = 0.094). Changes in the relative abundances of Cyanobacteria, Sphingobacteria and Flavobacteria were not significant. The relative abundances of Cyanobacteria and Sphingobacteria were similar at the lower and higher temperatures. At 26
• C, the relative contribution of Cyanobacteria and Sphingobacteria was 6.97 ± 3.56% SD and 1.28 ± 0.91% SD, respectively, and the relative abundance remained similar at 33
• C (Cyanobacteria: 7.69 ± 1.28% SD; Sphingobacteria: 1.67 ± 0.91% SD). On the other hand, the relative abundance of Flavobacteria increased from 2.20 ± 0.92% SD at 26
• C to 7.69 ± 9.29% SD at 33
Endozoicomonas and Vibrio component of the bacterial community
Further analysis focused on the relative abundance of Endozoicomonas spp. and Vibrio spp., the most dominant members of the γ -Proteobacteria in both the coral mucus and tissues (Fig. 5) . Statistical tests were performed on the abundance of Endozoicomonas spp. and Vibrio spp. relative to the total number of γ -Proteobacteria. In the coral mucus, although there was no significant change in the percentage of Endozoicomonas spp.
(one-way ANOVA, F 4,10 = 2.902, P = 0.0782), there was a high variance in the relative abundance as the temperature increased to 33
• C (Fig. 4A) . In contrast, the percentage of Endozoicomonas spp. decreased significantly with increased temperature in the coral tissues (one-way ANOVA, F 4,10 = 2 8.81, P < 0.001), with the most significant decrease at 31
• C (P < 0.001) and 33
• C (P < 0.001) (Fig. 4B) . Samples which were subjected to 29
• C
showed that sequences affiliated with Endozoicomonas montiporae (GenBank accession no. NR 116609.1) contributed most (average of 13.8%) to the bacterial community belonging to the class γ -Proteobacteria in the coral mucus and tissues, and seawater samples (Fig. 5) . Endozoicomonas montiporae affiliated sequences (99% similarity) were most conspicuous in coral tissues that were subjected to 29
• C, with the relative abundance decreasing as the temperature increased to 33
• C (Fig. 5) . Conversely, in the mucus layer, E. montiporae affiliated sequences contributed less to the bacterial community at the lower temperature (29 • C), but increased in relative abundance as the temperature increased (Fig. 5) . The percentage of Vibrio spp. in both the coral mucus and tissues increased significantly in response to elevated temperature (Fig. 4) , with the mucus exhibiting the more pronounced change (one-way ANOVA, mucus: F 4,10 = 26.32, P < 0.001 versus tissues: F 4,10 = 5.661, P = 0.0121). The biggest increases in the relative abundance of Vibrio spp. in the mucus were at 29
• C (P < 0.001) and 31
• C (P < 0.001), while the biggest increase in the tissues was at 31
• C (P = 0.0373). Vibrio coralliilyticus affiliated sequences (GenBank accession no. NR 025491.1; 99% similarity), which contributed the second highest relative abundance (average of 6.9%) in the samples (Fig. 5) were most conspicuous in the coral mucus at 29
• C, and decreased in relative abundance as the temperature increased to 33 • C (Fig. 5) . However, sequences affiliated with V. coralliilyticus were retrieved in only low relative abundance from the coral tissues at 29
• C, but exhibited a high relative abundance at 33
• C (Fig. 5) .
DISCUSSION
In this study, the major bacterial communities associated with A. muricata were profiled through a period of thermal stress. γ -Proteobacteria dominated the microbial community in healthy A. muricata colonies, but under thermal stress, although γ -Proteobacteria were still dominant, there was a prominent community shift towards bacteria of the classes Verrucomicrobiaceae and α-Proteobacteria. This shift was apparent in both the SML and tissues, and was especially notable at ≥31
• C. Members of the Cyanobacteria, Flavobacteria and Sphingobacteria also started to show an increase in relative abundance at higher temperature in both the coral tissues and SML. The changes in the bacterial communities observed in this study are consistent with previous research indicating that a specific bacterial population, including potential pathogens, dominates when the coral host is under environmental stress (Roder et al. 2014) . Observed bacterial community shifts in the samples were consistent across each treatments, highlighting that the changes in microbial community composition in the coral nubbins were primarily a response to the thermal stress. The current study also addresses the lack of information regarding the dynamics of bacterial communities between the coral SML and tissues, and indicates a plausible bacterial community shift in the coral SML and the tissues of A. muricata during thermal bleaching, under controlled experimental conditions. Further investigation of the bacteria within the class γ -Proteobacteria, which dominated microbial communities in the A. muricata samples, showed that the decline in photophysiological health of the coral correlated with a loss of Endozoicomonas spp. from the SML and tissues, and an increase in the relative abundance of Vibrio spp., first in the SML and then in the tissues.
Shift in bacterial community between coral mucus and tissues
Numerous studies have shown a shift in the microbial community of thermally bleached corals (Cooney et al. 2002; Pantos et al. 2003; Gil-Agudelo et al. 2007) . However, there is no information on shifts specific to different microhabitats within the coral holobiont (e.g. surface mucus and tissues). This is crucial to the understanding of the highly variable spatiotemporal distribution of microbial communities in healthy and diseased corals (Ainsworth, Thurber and Gates 2010) . Not only were the major bacterial communities similar to those found in other studies (Sekar et al. 2006; Garren et al. 2009; Nithyanand and Pandian 2009; Vega-Thurber et al. 2009; Meron et al. 2011 ), but our results also showed that bacterial community shifts were first evident in the SML (at 29 • C) before the trend was observed in the tissues at 31
• C. Although chemical composition was not examined in this study, studies have shown that coral bleaching could possibly cause a change in the mucus composition (Wooldridge 2009) and its function as a medium for anti-bacterial allelochemicals (Ritchie 2006) . Therefore, we speculate that changes to the characteristics of the coral SML (such as reduced anti-microbial compounds, and mucus compositional changes) happened even before bleaching was evident (at 29
• C), and that it triggered the corresponding change in the bacterial community composition of the tissues at the higher temperature (31
Studies on temporal changes in SML and tissue microbial communities due to environmental pressures can provide insight into the role of coral mucus and beneficial microbes in maintaining coral health (Ritchie 2006) . Within the coral SML and tissues, resident microbes may protect the coral host from invading pathogenic microbes by competing for nutrients and ecological niches (Koh 1997; Ritchie 2006; Klaus et al. 2007) . Results from this study suggest that certain members of the γ -Proteobacteria associated with non-stressed A. muricata might play a role in protecting the coral host by excluding potentially pathogenic microbes, whereas members of the α-Proteobacteria and Verrucomicrobiaceae might include invading microbes that take advantage of stressed corals. It is also interesting to note that members of the Cyanobacteria, Flavobacteria and Sphingobacteria started to become more prominent at higher temperatures. Sequences affiliated with Flavobacteria and Sphingobacteria have been observed to increase in abundance when corals are under low-pH stress (Meron et al. 2011) and elevated nutrient stress (Vega-Thurber et al. 2009 ). Studies of anti-microbial activity and pathogenicity in these bacterial classes would shed light on this matter. In the current study, although there was a decrease in the percentage of γ -Proteobacteria, an in-depth look at Endozoicomonas spp. and Vibrio spp, which were the dominant genera in the class, revealed the dynamics of the community shift between the coral SML and tissues. The changing pattern in the relative abundance of Endozoicomonas spp. and Vibrio spp. suggested that the bacterial community shift and health deterioration in the coral's tissues might result from the ability of potentially pathogenic bacteria to pass through the SML barrier.
Shift in abundance of Endozoicomonas and Vibrio
Our study showed a decrease in Endozoicomonas spp. and a reciprocal increase in Vibrio spp. for both the coral SML and tissues in response to increased seawater temperature. In this study, visual signs of bleaching, as well as a decrease in photosynthetic efficiency of the coral samples, occurred at 31
• C (Brown 1997; Bourne et al. 2008) . These results are consistent with previous studies that have reported Vibrio spp. to be dominant in bleached corals (Ritchie et al. 1994; McGrath and Smith 1999; Bourne et al. 2008; Tout et al. 2015) and Endozoicomonas spp. to be dominant in healthy corals but not in diseased corals (Bayer et al. 2013) .
Bacterial community dynamics between coral mucus and tissues
Sequences affiliated with E. montiporae and Vibrio coralliilyticus represented the largest proportion of the OTUs within the γ -Proteobacteria in the coral SML and tissues at all temperatures. The changes in relative abundance of E. montiporae and V. coralliilyticus affiliated sequences in the coral SML and tissues when the water temperature increased from 29
demonstrated that there could either be a migration or proliferation of these microbes. For example, sequences affiliated with E. montiporae, which has an optimal temperature of between 25
• C and 30
• C (Kurahashi and Yokota 2007) , disappeared from the coral's tissues at 31 • C and above, while small proportions of these E. montiporae affiliated sequences started to appear in the coral SML at the same temperature, consistent with the loss of bacterial cells from the tissues to the SML under stress. Results from the current study also suggested that the abundance of sequences affiliated with V. coralliilyticus increased in the SML at 29
• C, and that this species became apparent in the coral's tissues at 31
• C, suggesting the possibility of either external bacterial communities migrating through the SML or proliferation of existing potential pathogens. Vibrio spp, including V. coralliilyticus, have been implicated as agents of coral bleaching in some instances (Kushmaro et al. 1996 (Kushmaro et al. , 1997 Bourne et al. 2008) , and have previously been seen to proliferate when coral health is compromised (Bourne and Munn 2005; Tout et al. 2015) . It was not possible to conclude here whether Vibrio spp. contributed directly to bleaching or, alternatively, represented an opportunistic infection of the physiologically compromised coral, but our data suggest that Vibrio spp. might move from the SML into the coral's tissues when the health of A. muricata is impacted. There is also a possibility of proliferation of existing Vibrio spp. within the SML and tissues when the coral host is under stress. In particular, V. coralliilyticus affiliated sequences only started appearing in the coral SML at 29
• C and were retrieved in only low relative abundance at the lower water temperature; the relative abundance in the SML then declined at the higher temperatures as it increased in the tissues. The reasons for this pattern of opportunistic proliferation in the bacterial community remain elusive but, in addition to a physiological 'weakening' of the coral under stress, the increase in potential pathogens in the SML could reflect a reduced anti-microbial activity in the mucus (Ritchie et al. 1994) . This requires further investigation.
In conclusion, this study provided evidence for a change in the relative abundance of commensal and potentially pathogenic bacteria in both the SML and tissues of corals in response to stress. This shift could result both from a direct change in the resident bacterial population, as well as the migration of bacteria between the SML and tissues. More studies of the role that the coral SML plays, both as a physical and chemical barrier during stress, would also provide insight into the microbial ecology and regulation of microbial populations in corals.
